ABSTRACT: Generating mesoporous films with adequate film thickness and refractive index is a common method to achieve amplitude and phase matching in low-cost interference-based antireflective coatings (ARCs). For high-surface-energy materials, pores on the 2−50 nm (i.e., on the subwavelength scale) are subject to capillary condensation by surrounding gas phase water molecules, which hampers their functioning. In this work, we examine the effect of relative humidity on mesoporous ARCs and present a simple method for the preparation of ARCs with robust operation under variable conditions. The materials route is based on the generation of well-defined porous aluminosilicate networks by block copolymer co-assembly with poly(isobutylene)-block-poly(ethylene oxide) and postsynthesis grafting of trichloro(octyl)silane molecules to the pore walls. The functionalized films exhibited a maximum transmittance value of 99.8%, with an average transmittance of 99.1% in the visible wavelength range from 400 to 700 nm. Crucially, the antireflection performance was maintained at high humidity values, with an average transmittance decrease of only 0.2% and maximum values maintained at 99.7%. This compared to maximum and average losses of 3.6 and 2.7%, respectively, for nonfunctionalized reference samples. The ARCs were shown to retain their optical properties within 50 humidity cycles, indicating long-term stability against fluctuating environmental conditions.
INTRODUCTION
Antireflective coatings (ARCs) are a common component in fields such as eye glasses, display technology, solar cells, and windows.
1 Light reflection at optical interfaces is a consequence of a contrast in the refractive index, and thus one of the most appealing strategies for ARCs involves the generation of gradient structures on the wavelength scale.
2 Examples include biomimetic motheye-type features, which consist of subwavelength nanopillars deposited or etched directly on a surface. 3 Top-down lithographical methods, such as deep-UV, interference or electron beam lithography, were first utilized to replicate these structures. 4 Modern bottom-up methods for forming lithographic masks employ self-assembled polystyrene colloids, 5 metallic nanoparticles, 6 or block copolymers. 7 However, these methods are typically challenged by convoluted processes with numerous fabrication steps and issues related to their scalability. 3 Interference-based ARCs offer an alternative approach to the above methods. A single-layer coating must fulfill two requirements: 8 (1) the optical path length of the film n film × d must be one quarter of the wavelength of the incident light (λ/4) and (2) the refractive index (RI) of the material needs to equate to the square root of the substrate RI ( = n n n ARC air substrate ). Given that ARCs are typically coated on glass substrates with RI of around 1.5, a thin film fulfilling antireflection (AR) conditions should have a target RI value ≈1.22−1.23. Dense solids do not exhibit an RI value below 1.3, and thus to achieve interference-based AR in a single layer, the introduction of porosity on the subwavelength scale is required.
Spin-coated polymer blends produced sub-nanometer structures via selective solvent etching of one component. 9 Other deposition methods include convective self-assembly 10 and electrostatic deposition 11 of silica nanoparticle-based materials. Preformed silica nanoparticles have been combined with sol−gel-based silica "binder" to obtain ARCs, albeit at higher than optimum RI values. 12 Recently, coatings with AR properties were produced from a sequential infiltration method that introduced gas phase alumina into swollen polymer films using atomic layer deposition. 13 Broadband functioning is facilitated by multilayer assemblies.
14 Structure-directing agents such as surfactants and block copolymers (BCPs) have been extensively studied for the formation of a variety of inorganic mesoporous thin film architectures with closely controlled porosity and pore size. 15−17 Well-established sol−gel chemistry methods, when combined with solution-based BCPs, allow for the facile preparation of mesoporous ARCs via conventional liquid deposition processes.
18−21 Incorporation of TiO 2 into mesoporous ARCs allows for the degradation of organic contaminants via photocatalysis. This has been achieved via integration of preformed nanocrystals, 20 ultrathin crystalline, 22 or mesoporous titania layers.
23
A practical problem of mesoporous ARCs, in particular, when made of high-surface-energy inorganic materials, is that pores on the subwavelength scale are susceptible to filling with ambient gas phase water molecules via capillary condensation, 24 thus resulting in a reduction of the AR effect. Hydrophobicity to suppress capillary condensation may be conferred by incorporating nonpolar functional groups during synthesis via co-condensation methods or by postsynthetic grafting. 25, 26 Cocondensation methods generally combine conventional silica with hydrophobic silane precursors. 19,27−30 Experimental procedures are hampered by extensive sol aging times, often on the scale of days or weeks.
19,27−29 Furthermore, consideration must be given to the role and compatibility of the organic component and how it influences the hydrolysis and condensation processes. 31 The potential loss of organic functionality during high-temperature template removal 32 and limited exposure of functional groups within the material backbone 33 pose further challenges. Although postsynthetic grafting removes uncertainty regarding precursor incompatibility and control over the sol−gel process and, furthermore, is more efficient in increasing the hydrophobicity, 26 ,34 the approach suffers from other shortfalls. Grafting inherently results in porosity reduction and an increase in the refractive index. Other issues arise from possible pore blocking and limitations regarding diffusion of the functional material into the pores. 31 Substrates are typically submerged in solutions 18, 35 or exposed to vapors 19, 36 of the grafting agent for a period of time. Recently, a number of studies were reported on the successful generation of grafted ARCs. 18, 27, 35, 37 However, previous reports lacked in situ characterization of the optical properties as a function of humidity. Furthermore, the porosity values and thus refractive indices were not matched to obtain ideal AR performance after grafting.
In this work, we describe a simple, low-cost preparation of mesoporous aluminosilicate materials using the amphiphilic poly(isobutylene)-block-poly(ethylene oxide) (PIB-b-PEO) block copolymer as a structure-directing agent mixed with aluminosilicate material derived from sol−gel chemistry. This approach allows systematic tuning of the porosity value of the ARC to ensure ideal amplitude and phase matching after grafting of trichloro(octyl)silane molecules to the pore walls. The optical properties of the resulting ARCs are studied in repeated cycles under variable humidity by ellipsometric porosimetry (EP) and in situ optical transmittance measurements, and conclusions are drawn for the robust operation of mesoporous ARCs under variable ambient conditions.
EXPERIMENTAL SECTION
2.1. Preparation of Mesoporous Antireflective Coating. PIB 39 -b-PEO 36 block copolymer was synthesized by BASF with M n of 4.85 kg/mol and polydispersity of 1.26, as described elsewhere. 38 The BCP was dissolved in an azeotrope mixture of toluene (99.9%, Sigma-Aldrich) and 1-butanol (99.4%, Sigma-Aldrich); concentrations are mentioned below. Aluminosilicate sol was prepared as described in detail elsewhere. 20 Briefly, 2.8 g of (3-glycidyloxypropyl)-trimethoxysilane (≥98%, Sigma-Aldrich) was mixed with 0.32 g of aluminum tri-sec-butoxide (97%, Sigma-Aldrich) (reactant mole ratio of 9:1) and 20 mg of KCl (≥99.9%, Sigma-Aldrich). The solution was placed in an ice bath and stirred vigorously for 15 min. The initial hydrolysis step involved the slow, dropwise addition of 0.135 mL of 10 mM HCl in water. The solution was stirred for 15 min at 0°C, followed by a further 15 min of stirring at room temperature. For complete hydrolysis, 0.85 mL of 10 mM HCl in water was added and the mixture was stirred for a further 20 min. The final sol was then filtered using a 0.2 μm syringe filter before addition to the polymer solution in the desired inorganic-to-organic (I/O) ratio. The as-made sol was then diluted with the azeotrope solvent mixture to a concentration of 1000 mg/mL and stored at 5°C for further use, with a shelf life of at least one month. The high-porosity samples for silane functionalization were prepared from hybrid solutions consisting of an I/O ratio of 1:1 (denoted as ARC 1−1nf and ARC 1:1f for nonfunctionalized and functionalized versions, respectively). PIB-b-PEO (50 mg) was dissolved in 1.12 mL of azeotrope solution, followed by the addition of aluminosilicate sol material (100 mg, corresponding to approximately 50 mg of aluminosilica). 39 For the reference ARCs without functionalization, hybrid solutions with an I/O ratio of 3:1 (ARC 3:1 ) were prepared to match the RI requirements. For these samples, 50 mg of polymer was dissolved in 1.724 mL of azeotrope solvent, followed by addition of 300 mg of aluminosilica sol. The hybrid solutions were then placed on a shaker at 600 rpm for 1 h before deposition onto substrates. To produce thin films, the solutions were spin-coated on silicon (University Wafer, single-side polished, 640 μm thick, p-doped, 20−24 Ω cm) and glass (Pilkington Microwhite) substrates (1500 rpm, 20 s). All substrates were first treated with oxygen plasma for 5 min, followed by cleaning with a Snowjet CO 2 cleaner (Megatech Ltd.) immediately before deposition. The as-made hybrid films were annealed on a hot plate to a temperature of 130°C (1°C/min ramp, 30 min dwell time), followed by calcination in a furnace at 450°C for 1 h.
2.2. Hydrophobic Functionalization. Samples were allowed to cool post calcination and subsequently placed in a covered glass Petri dish containing trichloro(octyl)silane (TOS, 97%, Sigma-Aldrich) diluted to 0.1 mM in heptane (≥99.9%, Sigma-Aldrich) for 5 h. Following removal, all samples were washed thoroughly using heptane and dried under a stream of nitrogen.
2.3. Material Characterization. Spectroscopic ellipsometry (SE) and environmental water-based ellipsometric porosimetry (EP) measurements were performed using a spectroscopic ellipsometer (Semilab SE2000) and analyzed with the software of the manufacturer (SEA). EP measurements with toluene as sorbent were performed under vacuum in a dedicated chamber using a Semilab PS2000 ellipsometer. All measurements were carried out at an incident angle of 73°on a silicon substrate. Data fitting was performed using a standard Cauchy dispersion law. The Lorentz−Lorentz effective medium approximation model was used to calculate the relative volume of adsorbed water (or toluene) on the basis of the polarizability and molar volume of the sorbent. 40 Prior to EP measurements, samples were heated on a hot plate at 120°C for several minutes to ensure the exclusion of residual water in the pores. Transmittance measurements were performed using a Zeiss Axioscope A1 with 5× magnification coupled with 400 μm optical fiber (Ocean Optics) and a highresolution spectrometer (Ocean Optics, QE65000). Humidity was controlled during in situ transmittance measurements using mass flow controllers (Bronkhorst, F-201CV-100) connected to an enclosed microscope stage (Linkam, LTS120), which was modified with the integration of a humidity sensor. All relative humidity (RH) values were reported with an accuracy of ±5%. Measurements were recorded 1 h after stabilization of the desired relative humidity value. Contact angle measurements were performed on a drop-shaped analyzer (Kruss, DSA100). Scanning electron microscopy (SEM) images were carried out on a Carl Zeiss Orion Nanofab at an accelerating voltage of 25 kV. Samples were sputter-coated with platinum before imaging. To probe the mesostructure in the bulk rather than on the surface of the
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Research Article coating, reactive ion etching was carried out on the annealed hybrid samples before removal of the organic compounds (Oxford Instruments, PlasmaPro NGP80). The process was conducted with a 200 W direct current bias whilst the chamber (cleaned and preconditioned) was held at 30 mTorr with a continuous flow of 12 sccm CHF 3 and 38 sccm Ar. Atomic force microscopy was performed using a Bruker Dimension Icon and Bruker SAA-HPI-SS probe (nominal tip radius 1 nm). The scans were performed in PeakForce mode at a scan rate of 400 nm/s, with a peak force amplitude of 30 nm and frequency of 2 kHz.
RESULTS AND DISCUSSION
A schematic of the synthetic approach is shown in Figure 1 . Two sets of samples were prepared with different porosity values based on their I/O ratio. SE and EP measurements allowed the accurate and reproducible measurement of the refractive index, thickness, and porosity (Table S1 , Supporting Information). ARC 3:1 samples exhibited an average RI of 1.22 ± 0.02 and a porosity of 49 ± 4%, thus being ideal reference samples for nonfunctionalized ARCs.
SEM and EP measurements (Figure 2a,b) confirm the presence of a continuous porous network with an RI value of ≈1.22 in dry atmosphere. The corresponding volume-adsorbed isotherm (Figure 2c ) affirms a porosity of ≈50%. EP provides further information on the porous network on the basis of the isotherm characteristics. For ARC 3:1 , the isotherm shape was found to be consistent with a type IV IUPAC classification associated to mesoporous materials. 41 The broadness of the loop and gradual slope of the adsorption curve is in line with a type H2 hysteresis attributed to "ink bottle" type pore interconnections. In this geometry, which is consistent with the observed inverse opal-type morphology, the emptying of nonsurface pores during desorption is limited by the dimensions of the pore necks. 42, 43 These observations are in line with results obtained by atomic force microscopy, see the Supporting Information ( Figure S1 ). On the basis of Figure 2b , it is evident that ARC 3:1 samples undergo capillary condensation in the range of 45−60% relative humidity (RH), thus no longer fulfilling the requirements for AR.
Decreasing the I/O ratio in the formulation to 1:1 led to ARC 1:1nf samples with a mean RI value of 1.12 ± 0.01 and a porosity of 70 ± 2%. These results demonstrate the versatility 
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Research Article of block copolymers for the preparation of porous materials with target and extremely RI values. Further structural characterization can be found in the Supporting Information ( Figure S2 ). The structure formation principle via dense packing of sol-loaded block copolymer micelles allows tuning the RI over a wide range by adjusting the I/O ratio. 15 As shown in the Supporting Information (Figure S3 ), the measured porosity and RI values compare favorably with similar samples that were prepared from higher molecular weight poly-(isoprene)-block-poly(ethylene oxide) (PI-b-PEO) block copolymers. 20 These low RI values provide the potential for incorporating functional materials into the porous network while still maintaining AR conditions. Here, ARC 1:1nf samples were placed in a solution of trichloro(octyl)silane (TOS, RI ≈ 1.45 44 ) to functionalize the surface with nonpolar long-chain hydrocarbons via the reaction of the chlorosilane with exposed hydroxyl groups on the surface of the porous network (see also Figure 1 ). Trichlorosilanes were chosen as they exhibited greater surface coverage on silica materials when compared with monochloro or dichloro moieties. 45 Figure 3 shows the effect of silane functionalization on the characteristics of the ARC 1:1 samples. The water contact angle (Figure 3, inset) increased from 52 ± 2°in ARC 1:1nf to 99 ± 2°i n ARC 1:1f , demonstrating an increase in hydrophobicity in general terms. Macroscopic contact angle measurements, however, do not provide direct information on the hydrophobicity of the pores. 36 Although EP is established as a powerful technique for the characterization of mesoporous thin films, here we demonstrate its value in characterizing mesopore wetting properties. Prior to TOS functionalization (Figure 3a) , the onset of capillary condensation was observed at RH ≈75% in ARC 1:1nf , whereas all pores were filled with water at RH ≈ 95%. The ARC 1:1nf isotherm exhibited shape and hysteresis characteristics similar to those observed in the ARC 3:1 sample (Figure 2a) . For the hydrophobic ARC 1:1f , water-based EP measurements ( Figure  3b ) presented evidence that the functionalized pores were capable of preventing significant water adsorption, even under extreme humidity conditions. In this instance, a small increase in RI was determined at high humidity, equivalent to 4.7% uptake of water into the pores, which compared to ≈70% in ARC 1:1nf . Crucially, no capillary condensation was observed, and even at conditions close to saturation, the optimum RI value of 1.22 was not exceeded. For further characterization of the hydrophobic mesoporous network in ARC 1:1f , toluenebased EP was carried out in a dedicated chamber. This approach allowed to probe the accessibility of the porous network with a nonpolar sorbent. A porosity value of ≈49.1% was measured using this technique ( Figure S4 ). These results are in line with a volume estimation of TOS within the ARC 1:1f network by a Bruggeman effective medium approximation (eq 1, Supporting Information). On the basis of values obtained via EP and spectroscopic ellipsometry, a volume fraction of ≈20.6% of TOS was calculated, whereas porosity was estimated to be ≈51.1%. These calculations are broadly in agreement with the experimental toluene-based EP results. See the Supporting Information for further details.
EP was also used to monitor the stability of the functionalized coatings when subjected to repeated dry and wet air cycles. This approach provides a viable alternative for the testing of environmental durability of coatings, compared to the standard tests that involve exposing the sample to constant RH values for extended periods of time followed by measurement of the material properties ex situ. 19, 46 In earlier works on silica-based networks, repeated cycles of water adsorption and desorption demonstrated an impact on the mechanical integrity of the porous skeleton as well as hydrophobicity via capillary stresses and irreversible adsorption of water molecules within the pores. 47−49 In the present study, the ARC 1:1f sample maintained both its hydrophobicity and AR capabilities after 50 EP cycles. The average RI at 97% RH was ≈1.22, with none of the RI measurements exceeding 1.23 ( Figure S5 ). Previous studies determined the effect of adsorption and desorption of water by varying temperature. 50 To our knowledge, however, this is the first reported work on the effects of humidity cycling on ARC stability.
When light passes through float glass, intensity is lost from reflections at each air/glass interface. Typically, this results in the loss of ≈4% of transmitted light at each interface. In the present study, uncoated Pilkington Microwhite exhibited an average transmittance of 92.4% between wavelengths of 400− 700 nm, with a maximum value of 92.6%. When ARC 3:1 was coated on both sides, this increased to an average transmittance of 98.8%, with a maximum of 99.9% at 454 nm. The functionalized ARC 1:1f coating exhibited a slightly higher average transmittance of 99.1%, with a maximum transmittance of 99.8% at a wavelength of 461 nm.
To demonstrate the functioning of the AR coatings under variable environmental conditions, samples were placed in a humidity-controlled chamber and in situ transmittance measurements were recorded. When ARC 3:1 samples were exposed to an atmosphere with RH ≈97% (Figure 4a ), the transmittance almost instantly decreased from an average value of 98.8 to 96.1%, corresponding to a reduction in mean transmittance by 2.7%, with a maximum change of −3.6% (Figure 4c ). These results are in line with data obtained from EP (Figure 2) , demonstrating the complete filling of pores at this RH level.
In contrast to the ARC 3:1 sample, the mean transmittance of the functionalized ARC 1:1f samples exhibited only a small decrease of 0.2% to 98.9%, with the maximum value remaining at 99.7% when exposed to the same level of humidity. Comparing changes in both samples at high humidity (Figure  4c ), the ARC 1:1f maintained an average improvement of ≈2.7% over ARC 3:1 , with a maximum transmittance difference of 
Research Article ≈3.1%. The results described herein compare favorably with previous reports on hydrophobic ARCs synthesized via grafting 18, 35, 37 and co-condensation methods. 28, 30, 46 In contrast to earlier reports, these results were based on in situ EP and transmittance measurements, thereby providing evidence for the effectiveness of the ARC 1:1f samples in withstanding humidity conditions near saturation and repeated humidity cycles. Although this study proves the stability of the silane monolayer under humid conditions, we did not conduct further investigations into the long-term effect of exposure to sunlight. Alkane monolayers are susceptible to photo-oxidation when exposed to UV radiation and oxygen. 51 In comparison to thiol bonds, the siloxane bond itself is less sensitive to photolysis and thus degradation is more likely to occur along the alkyl chain. 52 Our work is compatible with a broad library of silane-based ligands, and the molecular design choice for long-term stability will be further investigated in a subsequent study. Finally, we note that our approach also presents the possibility of grafting trichlorosilyl derivatives with alternative functionality within the aluminosilicate mesopores, with the aim of developing mesoporous thin films for other applications. 53, 54 4. CONCLUSIONS In conclusion, we report in this work on materials and characterization aspects of mesoporous ARCs for robust operation under variable ambient conditions. Ellipsometric porosimetry and transmission experiments with controlled relative humidity enabled to study in situ the impact of humidity-induced capillary condensation on the optical properties of ARCs. The use of an amphiphilic PIB-b-PEO block copolymer as a structure-directing agent for the co-assembly of aluminosilicate material derived from sol−gel chemistry allowed to deposit mesoporous optical coatings with broad porosity and thus perform refractive index tuning. ARCs were fabricated to meet amplitude-and phase-matching conditions after grafting of a hydrophobic agent to the pore walls, in this case trichloro(octyl)silane (TOS). As a result, near-optimum optical performance was achieved under variable atmospheric conditions, with a maximum transmittance value for doublesided substrates of 99.8% under dry and 99.7% near saturation, and an average transmittance in the wavelength range from 400 to 700 nm of 99.1 and 98.9%, respectively. The ARCs were shown to withstand repeated humidity cycles and offer a reliable route to low-cost solution-processable coatings on glass and other transparent substrates.
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